Virus surveillance of wildlife populations is important for identifying, monitoring, and predicting the emergence of pathogens that pose a potential threat to animal and human health. Bats are identified as important wildlife hosts of many viruses capable of causing fatal human disease, including members of the henipaviruses, coronaviruses, rhabdoviruses and filoviruses. As global warming and habitat change are thought to impact upon pathogen transmission dynamics and increase the risk of spillover, virus surveillance in bat populations remains a significant component of efforts to improve the prediction and control of potential future disease outbreaks caused by bat-borne viruses.
Introduction
Bats are hosts to and co-exist with a multitude of viruses, many of which are highly pathogenic in other mammalian species (Clayton et al., 2013; Field et al., 1999; Halpin et al., 2011) . Over the past decade significant effort has been devoted to the study of these unique mammals, particularly the mechanisms by which they harbor zoonotic viruses in the absence of clinical signs of disease. Examples include Hendra (HeV) and Nipah (NIV) viruses (genus Henipavirus, family Paramyxoviridae). HeV sporadically spills-over to horses and subsequently humans, causing fatal disease in over 75% and 60% of cases respectively . Surveillance of bat populations is crucial to understanding the dynamics of viral shedding and the biological and environmental drivers that lead to spillover.
Virus surveillance in bat populations is important for the identification of viruses however the process is time consuming, expensive and complex. Molecular methods predominantly reverse transcription polymerase chain reaction (RT-PCR) and quantitative real-time PCR (qRT-PCR) are routinely employed for the detection of viral RNA. These assays are highly sensitive and specific for a single intended target but are not suitable to detect and differentiate multiple targets, in a multiplex format these methods are labor intensive and costly (Barnard et al., 2011; Mahony et al., 2010) . MagPlex-TAG, a multi-analyte suspension array commercialized by Luminex Corporation ® , provides a multiplexed bead array system with the potential to combine up to 500 different nucleic acid targets in a single reaction. Each bead set is differentiated and identified by unique internal dyes and the beads are conjugated to specific nucleotide tags that bind to complementary synthesized tags on specific primer sets. A DNA hybridization step incorporates target specific primer extension (TSPE) reactions to a given bead set. A fluorescent conjugate is utilized to detect positive reactions in each bead set by passing through a flow cell where lasers in a Bio-plex 200 instrument identify and sort each bead (Bio-Rad, http://dx.doi.org/10.1016/j.jviromet.2015.07.004 0166-0934/© 2015 Elsevier B.V. All rights reserved.
Hercules, USA) with results delivered in real-time (Christopher-Hennings et al., 2013; Bossart et al., 2007; Foord et al., 2014; Yu et al., 2011) .
In this paper we describe the development of two molecular bat virus panel assays (BVPA) for screening field samples collected from bat populations using MagPlex-TAG technology (X-TAG). Bat virus panel assay 1 (BVPA-1) was designed to identify a broad range of paramyxoviruses in Australian bats. The second panel, bat virus panel assay 2 (BVPA-2) was designed to identify paramyxoviruses and filoviruses in non-Australian bat populations. The assays were capable of detecting up to 11 different virus targets simultaneously. Simultaneous surveillance of multiple viral RNA's, adds value to samples collected in the field and allows for the assessment of multi-pathogen transmission dynamics. Surveillance efficiency was further enhanced through the development of a method for pooling samples. This greatly increased the number of samples that could be tested per assay without sacrificing assay sensitivity. (Barr et al., 2014) . YBPMV and GPMV are novel paramyxovirus sequences detected but not isolated from Australian bats (unpublished) . Synthesized positive controls of YBPMV and GPMV were used.
Materials and methods

Virus stocks and field samples
Bat urine and RNA extracted from urine samples were obtained from the Queensland Centre for Emerging Infectious Diseases (QCEID), Biosecurity Queensland, Department of Agriculture, Fisheries & Forestry (DAFF), and the International Centre for Diarrhoeal Disease Research, Bangladesh (ICDDR, B). RNA from all the above viruses have been identified in excreted bat urine from a variety of bat species.
Viral RNA extraction
Urine samples were extracted individually or as a pool of 4 samples using the MagMAX 96 Express instrument (Life Technologies, Carlsbad, USA) using an in-house modification of loaded software (KingFisher v 2.6, ThermoFisher). Briefly, extraction of individual samples used 60 L of sample with 150 L MagMAX lysis buffer (Ambion ® ) following manufacturer's guidelines. RNA was eluted in 70 L elution buffer. For extraction of pooled urine samples, 125 L ×4 samples were first combined into a pool of 500 L and added to 1200 L MagMAX lysis buffer. Following extraction the RNA was eluted in 100 L elution buffer.
Design of bat virus panel assays (BVPA)
Primer sequences of virus targets in each panel were based on either existing PCR assays or designed using available virus sequences (Supplementary data). Robust assay conditions were developed to amplify a diverse range of virus targets. Designed primers were between 18 and 25 nucleotides in length and were evaluated for their suitability using Primer Express 3.0.1 software (Applied Biosystems).
Panel BVPA-1 was constructed as an 11 Plex. In the first round of amplification, paramyxovirus family-based degenerate primers (PAR-FI & PAR-R) amplified a portion of the polymerase L-gene (Tong et al., 2008) . To allow for direct sequencing, an M13-tag was incorporated on the 5 end of the reverse primer (Supplementary data 1.1). BVPA-1 targets the following viral RNA's: HeV, CedPV, YepPV, GroV, MenPV, HerPV, TevPV, NIV-BD/MY, TioV, YBPMV and GPMV.
BVPA-2 was constructed as an 8 Plex assay, virus species or virus genus specific first round primers allowed for the detection of paramyxoviruses and filoviruses (Supplementary data 1.2). BVPA-2 targets the following viruses: HeV, NiV-BD, NiV-MY, CedPV, MenPV, TioPV, EboRV and EboZV.
Target specific primer extension (TSPE) primers for both assays were designed as a chimera with a 24 base anti-TAG sequence on the 5 end and a virus sequence specific oligonucleotide on the 3 end. The anti-TAG sequence is complementary to and binds to the X-TAG sequence that is specific to each bead set. Both assays were designed to be run in a 96 well plate format.
Multiplex array assay procedure
Bat virus panel assay 1
One step RT-PCR was performed using the Superscript III One-Step RT-PCR with Platinum Taq kit (Invitrogen, Carlsbad, USA) under the following conditions: 25 pmol forward and reverse primers, and 2.0 mM MgSO4 in a 25 L reaction volume with reaction buffer. Thermal cycling conditions were: 60 • C for 1 min, 30 min at 48 • C (RT reaction), 2 min at 94 • C (Taq activation), 40 cycles of 15 s at 94 • C, 30 s at 49 • C and 1 min at 68 • C, followed by 68 • C for 5 min, then hold at 4 • C. Reactions were performed in a 96 well PCR plate, sealed with Microseal A film (Bio-Rad, Hercules, USA). The unincorporated dNTPs and primers from the initial RT-PCR were removed by treating each reaction with ExoSAP-IT ® (Affymetrix, Santa Clara, USA) as per manufacturer's instructions.
Bat virus panel assay 2
One step reverse transcription (RT-PCR) was performed using Superscript III One-Step RT-PCR with Platinum Taq kit (Invitrogen, Carlsbad, USA) under the following conditions: 25 pmol of each forward and reverse primers from four sets of primer pairs to specific virus species or virus families made up to a 25 L reaction volume with reaction buffer. Thermal cycling conditions: 30 min at 50 • C (RT reaction), 2 min at 94 • C (Taq activation), 45 cycles of 30 s at 94 • C, 40 s at 50 • C and 40 s at 68 • C, followed by 68 • C for 5 min then hold at 4 • C in a 96 well PCR plate, and sealed with Microseal A film (Bio-Rad). The unincorporated dNTPs and primers from the initial RT-PCR were removed by treating with ExoSAP-IT (Affymetrix). Following ExoSAP-IT treatment, both panels could immediately progress to the TSPE reaction stage or stored at −20 • C until further processing.
Target specific primer extension
This reaction initiated PCR extension of targeted regions with biotinylated dCTP nucleotides. The incorporation of biotin allows for binding of streptavidin R-phycoerythrin (Life Technologies Carlsbad, USA) for the detection on the Bio-plex 200 instrument (Foord et al., 2014; Mahony et al., 2010) . The TSPE reaction additionally incorporates anti-TAG sequence corresponding to specific bead sets that will be utilized during the hybridization step. Each TSPE reaction contained 2 L of 10× PCR buffer (Qiagen, Hilden, Germany), 0.5 L of 50 mM MgCl 2 , 0.15 L of 5 U/L Tsp polymerase (Invitrogen), 0.5 L of 0.2 mM dATP, dGTP, and dTTP (Invitrogen), 0.25 L of 400 M Biotin-dCTP (Invitrogen), 0.5 L of each TSPE primer at 1 M (Geneworks), 5 L of ExoSAP-IT treated PCR product, and water to produce a final volume of 20 L. The reaction mixture was then amplified at 94 • C for 2 min, followed by 40 cycles at 94 • C for 30 s, 55 • C for 30 s, 72 • C for 40 s, hold at 4 • C. This reaction was performed in a PCR plate sealed using a Microseal A film plate cover (Bio-Rad).
Hybridization to microspheres and assay analysis
Each X-TAG bead set is unique, containing a different fluorescent dye and specific X-TAG sequence (Gastaldelli et al., 2011) . Hybridization of biotinylated TSPE products to X-TAG beads occurred via the anti-TAG sequence that was incorporated as part of the virus specific TSPE primer ( Fig. 1 ). 10 L of TSPE reaction product was added to 40 L of microsphere mix containing 1500 beads of each X-TAG set in 1× hybridization buffer (0.2 M NaCl/0.1 M Tris/0.08% Triton X-100, pH 8.0) in a low profile 96-well PCR plate. The hybridization mixture was incubated at 96 • C for 90 s followed by 37 • C for 30 min. The plate was placed on a magnetic separator and the supernatant removed, and washed with two washes of 1× hybridization buffer. Hybridization buffer (75 L) containing 2 mg/L streptavidin-R-phycoerythrin (Invitrogen) was added to each well and the mixture incubated in the dark at 37 • C for 15 min with moderate shaking. Hybridized microspheres were analyzed on the Bio-Plex Array System integrated with Bio-Plex Manager Software (v 6.0) (Bio-Rad Laboratories, Inc., CA, USA). The reporter target channel (RP1) was set on high for the fluorescent identification of beads. Reporter conjugate emission wavelengths were maintained using a Bio-Plex Calibration Kit (Bio-Rad). Consistent optical alignment, fluidics performance, doublet discrimination and identification of individual bead signatures were assured using a Bio-Plex Validation Kit (v 4.0, Bio-Rad). X-TAG assays were analyzed at 37 • C on the 96 well plate heated platform. One hundred beads of each set were analyzed per well. Fluorescence signals were expressed as the Median Fluorescence Intensity (MFI) (Hwang et al., 2014) .
Comparative assessment of assays
Sensitivity of BVPA to qRT-PCR assays
The analytical sensitivity of the BVPAs was assessed by direct comparison to qRT-PCR using a subset of viruses from both multiplex assays. The gene targets for this analysis were based on pre-existing validated qRT-PCR assays targeting NiV and HeV N genes, and the CedPV P gene (Feldman et al., 2009; Marsh et al., 2012) . Serial dilutions (10-fold) of control viral RNA were performed and run in parallel in the BVPA and the qRT-PCR to determine the limit of detection (LOD) for the assays. Conditions for qRT-PCR were as follows; for CedPV, Superscript III Platinum Taq One-Step qRT-PCR system (Invitrogen,) was used with 5 pmol/L probe and 10 pmol/L forward and reverse primers. Thermal cycling was 50 • C for 5 min, 90 • C for 2 min followed by 40 cycles of 95 • C for 3 s and 60 • C for 30 s. For the HeV and NiV qRT-PCR assays, the conditions were performed using AgPath-ID One-Step RT-PCR Reagents (Life Technologies, Carlsbad, USA) with 250 nM probe and 900 nM forward and reverse primers. Thermal cycling was 45 • C for 10 min, 95 • C for 10 min followed by 45 cycles of 95 • C for 15 s and 60 • C for 45 s. For both assay conditions, the cycle threshold (Ct) values equal to or below 40 were considered positive, values equal to or above 45 were considered negative. Results between 40 and 45 were deemed indeterminate (Foord et al., 2013) .
Extraction sensitivity of pooled samples
The effect of the process of pooling samples on detection sensitivity was investigated using a known HeV RNA positive urine sample as the control for both individual and pooled samples.
The HeV control sample was extracted individually and in combination with three HeV RNA negative samples. qRT-PCR assays for the HeV N gene, NiV N gene and the henipavirus (HeV and NiV) P gene were performed to assess any change in detection sensitivity between individual and pooled samples. The extracted RNA was tested neat and at a 1/10 dilution for both individual and pooled samples.
Results
Analysis of field sample data and determination of the threshold value
Over 3000 bat urine samples were extracted and tested in the BVPAs providing more than 25,000 unique MFI readings (data points). The results from a total of 532 Australian field samples were used for further analysis. These Australian field samples were analyzed using the 11 Plex BVPA-1 which gave 5852 data points. The results from a total of 540 Bangladesh field samples were used for further analysis. The Bangladesh field samples were analyzed using the 8 Plex BVPA-2 which gave 4320 data points. Two methods were used to determine the most appropriate threshold for categorizing MFI values and thus samples as either positive or negative for each specific virus RNA. The first was an initial exploratory method based on a histogram plot of the values. The second involved a more rigorous statistical method applying "mixture modelling".
For the exploratory method, a program was written in Python (the Luminex Analyzer Program or "LAP") which reads data directly from the Luminex platform. The LAP sorted the individual data points below 1000 MFI into 124 "bins" of equal size (8 MFI units/bin), while values ≥1000 MFI were grouped into the 125th bin (Fig. 2) . To ascertain the consistency of median values across all virus targets, the individual assay targets were analyzed and median values determined for each. As a first approach, we used simple exploratory methods (i.e. visualization of MFI values and taking 2× the median value as our threshold). A value twice the highest median MFI (YBPMV = 245) of the individual targets was used to arrive at an MFI value of 490 as an initial threshold.
Finite mixture modeling is a generic framework which identifies different populations by their differing probability distributions. In this case, our two populations were animals with samples positive and negative for the individual targets. To fit the two mixture distributions, we adapted the approach used by (Budczies et al., 2012) , whereby two Gaussian distributions were aligned to the histogram of the natural log of the each of the two MFI datasets, viz. for the samples from Australia and Bangladesh. The actual distribution fitting used the function normalmixEM from the R package mixtools (Benaglia et al., 2009 ). The optimum cutoff was determined as the value where the probability density functions of the mixing distribution coincide (Fig. 3) . This natural log cut-off value was back-transformed to give the optimal cutoff value of 527.7 MFI for Australian bat samples and 676.3 for Bangladesh bat samples.
Specificity of microsphere suspension array assays
The analytical specificities of the BVPAs were assessed using RNA extracted from previously characterized tissue culture virus preparations that were used as positive controls for each target virus. Specificity was consistent for all targets when tested against homologous individual control RNA in the multiplexed format generating similar MFI values as those generated in single-plex format. No template control (NTC) wells confirmed no cross reactivity between the primers during the reactions, with all MFI values below 300 (below cutoff values generated from histogram and modeling fit).
Bat urine samples collected in the field and previously identified to contain multiple viruses using virus isolation, sequencing or realtime PCR were also included in the BVPAs to assess the specificity of these assays (Tables 1 and 2) . Results correlated to previous results with virus RNA targets correctly identified. Low background levels HeV  131  201  149  151  12,289  196  154  375  225  124  120  MenPV  229  216  196  265  208  18,981  207  252  252  173  153  CedPV  199  200  183  20,422  273  120  158  252  191  252  193  GPMV  180  180  234  222  292  276  225  271  21,219  185  122  YBPMV  217  144  221  131  206  227 on all remaining bead sets indicated the absence of cross reactivity in biological samples.
Sensitivity of bat virus panel assays
The sensitivity of BVPA's were assessed by serial dilution of a control RNA template and compared to qRT-PCR. The most sensitive qRT-PCR assay available was used for comparative purposes; this was not always directed to the same gene target as that used in the BVPA (Table 3) . BVPA-1, was 10-fold less sensitive for CedPV but 10fold more sensitive for HeV (Table 3 .2). BVPA-2, both targets (CedPV and NiV) demonstrated equivalent sensitivities in both molecular assays (Table 3 .1).
Impact of sample pooling on assay sensitivity
The volumes of sample extracted for the individual and pooled methods were 60 L and 125 L respectively. Bat urine containing HeV genome was used for the determination of extraction sensitivity. The extracted RNA was tested by qRT-PCR neat and diluted 1:10. Two qRT-PCR assays were run to establish comparative sensitivity, the HeV N-gene and Henipavirus P-gene. Both these qRT-PCR assays generated comparable results for both individual and pooled extraction samples when tested neat, while the pooled method appeared to show slightly better detection in both qRT-PCR assays when diluted 1:10. The results indicate that pooling samples for extraction in this way did not diminish sensitivity.
Field sample analysis
Based on the calculated threshold of 527.7 MFI, we classified 5633 results as "negative" and 218 as "positive" for the Australian field samples. Based on the calculated threshold of 676.3 MFI for Bangladesh bat samples, we classified 4172 results as "negative" and 75 as "positive". A selection of seven representative BVPA results for field samples are shown in Tables 1 and 2 respectively. For some samples, multiple virus targets were detected. For example, for sample A, Table 1 , five virus targets were detected. These results are unlikely to be a result of cross-reactions as the results were confirmed by other molecular methods including PCR and/or sequencing.
Discussion and conclusion
Virus surveillance in wildlife populations is essential to efficiently monitor the risk of emerging infectious disease outbreaks. Internationally, virus surveillance in bats remains a major component of this important effort. Disease and virus surveillance is an arduous process with constraints on sample collection, transport and analysis particularly in remote locations. Sample collection needs to be well coordinated, comprehensive, and longitudinal which demands significant resources both in the field and during subsequence analyses (Hoye et al., 2010) . Although these constraints are significant, surveillance of wildlife species is crucial to the identification and tracking of trends in viral shedding and its association with environmental and population conditions. This was highlighted in Australia where an extensive surveillance study of more than 40 different animal species in Queensland was required to identify bats as the natural reservoir of Hendra virus (Young et al., 1996) . The development of the two novel bat virus panel assays described here represents an important step toward a more effective screening platform for the simultaneous detection of multiple viral pathogens and allows for high sample throughput fulfilling the objectives of a reliable, accurate and cost-effective process of generating surveillance information. The BVPAs developed show high specificity to the targeted viruses and the analytical sensitivity compares favorably to qRT-PCR. The flexible nature of the platform allows for a high degree of customization through the expansion and/or modification of viral targets.
Following nucleic acid extraction the BVPAs take significantly longer than qRT-PCR (approximately 7 h total), however in this time the BVPAs generated results equivalent to 8-11 individual qRT-PCR assays. Like any amplification method, precautions need to be taken to prevent contamination. Despite the fact that these multiplex assays have been designed to a 96-well plate format, basic aseptic precautions ensured that no detectable contamination occurred in any of the 3000 bat urine samples tested.
In this study, the use of first round PCR primers together with specific TSPE extension primers and unique bead sets allowed for the detection of up to 11 viral targets. The background signals for all bead sets in no-template-controls were low, in the range of 50-300 MFI. The two assay approaches utilized different first round amplification strategies; strategy 1 (BVPA-1) employed a single degenerate primer pair for Paramyxoviruses while strategy 2 (BVPA-2) utilized multiple primers to different virus families. BVPA-2 allowed for detection of multiple viral families however the presence of multiple primer sets in the first round amplification increased the potential for cross reactivity, so careful assay design and validation was critical. BVPA-1 also provides for the addition of M13-tags to the primers allowing direct sequencing of products from first round amplification. The pooling strategy described for the extraction of RNA from field samples makes significant savings in reagent cost and processing time however it does increase the likelihood of multiple targets.
Establishing appropriate thresholds or "cutoff" values is challenging for wildlife population research, due to the fact there will potentially be animal samples collected at differing stages of the infection cycle and no naïve control samples were available (Gardner et al., 2010; Peel et al., 2013) . It needs to be recognized that any threshold will exclude positive individuals that are at the beginning or end of the infection cycle. Although the assay platform is not empirically quantitative, the MFI values are indicative of the level of viral RNA present in the sample. Another important consideration in multiplex assays is the issue of competition when samples have multiple viral RNA's present. In this case it is possible that MFI values will be affected by the competition for assay reagents, thus generating lower values for all targets than samples with single viral RNA's. This competition for reagents and subsequent impact on results make multiplex assays less applicable in diagnostic applications. However, for population surveillance applications the need for an absolute determination for each sample is less important than the spatial and temporal trend of virus activity.
The commonest method to evaluate the diagnostic sensitivity (DSe) and specificity (DSp) of the Luminex xTAG assay is to compare their performance against validated qRT-PCR tests for each of the viruses (Pabbaraju et al., 2008; Foord et al., 2013) . However, this process of evaluation and validation for emerging viral diseases in wildlife is problematic as it can be very difficult to assemble a "gold standard" dataset, with samples from both truly positive and negative animals. This is made even more challenging for the viral diseases we are testing for in the flying foxes, as most do not cause any illness or pathology in these animals. Furthermore, as we tested pooled under roost urine specimens, it is impossible to know exactly which animal(s) contributed to the specimen. A third challenge is that many of these emerging viral diseases have only been detected infrequently, and thus the number of potentially positive samples is quite low, and insufficient to undertake validation statistical procedures such as ROC curve analysis to define an optimum threshold value (Greiner et al., 2000) .
To overcome these challenges, we have adopted a strategy to determine an appropriate assay threshold value that is both pragmatic and incremental. As a first approach, we used simple exploratory methods (i.e. plotting the MFI values and taking 2× the median value as our threshold). This was expanded on through the use of the more objective mixture model method. Further work could be undertaken to derive a more biologically justifiable threshold. In particular, the distribution of log values in Fig. 3 indicates that there may be in fact three populations: "negative", "intermediate" and "positive". In order to determine the "true" biological status of samples in this indicated intermediate group qRT-PCR could be used for validation, however these samples are often reflected by indeterminate results in this assay as well. The real benefit of our incremental approach is that it enabled us to focus our follow-on validation work to a restricted sub-sample, resulting in the determination of a robust threshold in a cost-effective and timely manner.
The flexibility of multiplex bead array technologies has led to many applications from animal and human health to the detection of bio-threat agents (Janse et al., 2012; Jokela et al., 2012; LeBlanc et al., 2010; Washington et al., 2010) . Although the two bat panels were designed for application to Australian and Bangladesh bat urine samples, the technology is highly flexible allowing the incorporation of different virus targets and its application to broader hosts and situations. Such as Coronavirus excretion in Eurasian bat colonies or the spatial and temporal analysis of different NB Bluetongue virus strains in Europe. The technology provides a reliable and cost effective approach for a wide range of diagnostic, surveillance and epidemiological applications (Babady et al., 2012; Banér et al., 2007; Pabbaraju et al., 2008; Wu et al., 2014) .
Our novel BVPAs are a significant surveillance tool for viral RNA detection in bats. The platform allows for the expansion of the panels to include further viral agents or host gene targets such as those that identify gender and species of bat. These assays enhance our ability to identify patterns of virus shedding informing key approaches to outbreak response and control. The methodology provides vastly expanded scope and efficiency in the critical and complex analysis of virus and disease surveillance for wildlife populations.
